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Abstract 

A  new  composite  consisting  of  a  mixture  of  zinc  and  hydrated  ammonium  zinc  sulfate,  Tutton  salt,  has  been  elaborated  and  studied  as 
anode  material  for  all-solid  state  protonic  cells.  The  results  obtained  point  out  the  ability  of  (NH4)2Zn(S04)2-6H20  double  salt  to 
concomitantly  exchange  protons  with  the  solid  proton  conducting  electrolyte  and  accommodate  Zn~+  cations  issued  from  oxidation.  Such 
features  have  been  evinced  by  thermal  and  crystallographic  characterizations.  The  anode  composition  has  been  optimized  through  a  kinetic 
study  on  a  three-electrode  type-cell,  showing  that  a  35  wt.%  salt-based  composite  displays  the  minimum  polarization.  Zn/Mn02  cells 
prepared  using  such  a  composite  anode  achieve  relatively  high  specific  capacity  and  energy  of,  more  than  30  Ahkg~'  and  40Whkg~\ 
respectively.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Increasing  efforts  have  recently  been  devoted  to  the 
development  of  solid  state  cells  using  a  proton  conducting 
electrolyte.  Such  systems  present  outstanding  advantages: 
(a)  wider  electrolyte  stability  potential  range  in  comparison 
with  their  homologous  liquid  electrolytes;  (b)  less  electrode 
corrosion  thanks  to  negligible  anionic  transference  number 
in  the  electrolyte  and  (c)  absence  of  corrosive  liquid  leakage. 

In  the  last  years,  many  mineral  compounds  exhibiting  fast 
proton  conduction,  such  as  hydrogen  uranyl  phosphate, 
phosphotungstic  acid  and  protonated  montmorillonite,  have 
been  developed  for  both  room  temperature  power  supply 
applications  [1-3]  and  pH  sensing  devices  [4,5]. 

The  main  positive  electrode  materials  employed  in  solid 
state  protonic  batteries  are  Mn02  and  PbC)2,  which  are 
compatible  with  the  tested  proton  conducting  electrolytes 
and  able  to  accommodate  protons  [6-8].  Mn02-based  cath¬ 
ode  was  found  to  combine  high  discharge  capacity  and 
energy  density  [9].  However,  Pb02-based  cathode  compo¬ 
site  suffered  from  poor  electrical  conductivity  [10]. 

In  the  early  studies  on  this  type  of  cells,  simple  metallic 
elements  (Zn,  Pb  or  Fe)  have  been  employed  as  anode 
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compounds  [11,12],  but  feasibility  of  ionic  exchange  at 
the  electrode/electrolyte  interface  is  questionable  inasmuch 
as  the  anode  material  must  be  able  to  maintain  a  supply  of 
protons  (H+)  during  discharge.  Hydride  materials,  such  as 
TiNiH,.,  present  good  reversibility,  but  do  not  provide  suffi¬ 
cient  battery  emf  [13-15],  A  zinc-based  composite  negative 
electrode,  consisting  of  a  mixture  of  Zn,  ZnS04-7H20  and 
Na3P04  l2H20,  has  been  proposed  by  Guitton  et  al.  [16].  It 
has  revealed  promising  features:  the  presence  of  zinc  sulfate 
stabilizes  the  electrode  potential  at  a  value  as  low  as  that  of 
the  Zn/Zn2+  system,  and  the  sodium  phosphate  is,  thanks  to 
its  crystallographic  equivalent  sites  and  water  molecules, 
responsible  for  accommodating  the  produced  Zn2+  cations 
on  oxidation  and  for  a  reversible  exchange  of  protons  with 
the  electrolyte.  According  to  Pandey  et  al.  [10],  the  perfor¬ 
mances  of  such  a  cell  could  be  improved  if  a  metal  hydride 
is  used,  instead  of  sodium  phosphate,  in  the  composite 
anode. 

In  this  context,  the  present  work  aims  at  elaborating  and 
characterizing  a  composite  negative  electrode  consisting  of 
zinc  mixed  with  hydrated  ammonium  zinc  sulfate 
((NH4)2Zn(S04)2-6H20)  Tutton  salt.  This  latter  is  hereafter 
denoted  by  the  acronym  AZS.  Such  a  double  salt  would 
possess,  at  the  same  time,  both  the  properties  of  hosting 
Zn2+  cations  issued  from  oxidation  and  generating  protons 
by  decomposition  of  its  hydration  water  molecules. 
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2.  Experimental 

2.1.  Syntheses 

The  hydrated  (NH^Zr^SO^-htEO  double  salt  was 
prepared  by  evaporating  in  ambient  air  at  20°C,  a  mixture 
of  two  equimolar  (0.2  moll-1)  aqueous  solutions  of 
hydrated  zinc  sulfate  (ZnS04-7H20,  Prolabo)  and  anhydrous 
ammonium  sulfate  ((NH4)2S04,  Prolabo).  A  week  later, 
large  colorless  single  crystals  of  many  cubic  millimeter  size 
were  isolated  and  dried  in  air.  Their  shape  is  depicted  by  the 
micrographs  of  Fig.  1.  To  be  used  in  the  composite  anode 
and  for  physicochemical  analyses,  such  crystals  were 
ground  to  produce  a  10-pm  average  grain  size  powder. 

The  solid  electrolyte  used  in  this  investigation  is  a  pro- 
tonated  montmorillonite  which  was  obtained  from  Na-mon- 
tmorillonite,  following  a  common  procedure  consisting  in  a 
cationic  exchange  in  a  4  M  hydrochloric  acid  solution,  under 
stirring  at  70°C  for  2h  [17].  The  product  was  thoroughly 
washed  with  distilled  water  and  then  dried  in  air.  Its  crystal¬ 
line  structure  was  confirmed  by  X-ray  characterization.  The 
protonic  conductivity  of  H-montmorillonite  increased  from 
10-7  to  2.2  x  1 0  ’  S  cm-1  as  relative  humidity  (RH)  rose 
from  0.2  to  0.9  at  25°C  [3,18]. 

H-montmorillonite  samples  were  settled,  before  use,  for  7 
days  inside  a  glass  container  where  RH  could  be  varied 
within  a  wide  range  of  0. 1-0.9  in  contact  with  appropriate 
water-sulfuric  acid  mixtures  [19],  and  monitored  by  means 
of  an  HR270-type  thermohygrometer. 

2.2.  Techniques  of  physicochemical  characterization 

X-ray  examination  was  carried  out  on  AZS  powder  by 
means  of  a  Philips  PM8209  diffractometer  using  Cu  Ka 
radiation. 

TGA  and  DTA  were  performed  with  a  Labsys  TG  DTA 
16  Setaram  instrument.  Experiments  were  run  in  nitrogen 


atmosphere,  with  a  heating  rate  of  5°C  min  ',  in  the 
20-1000°C  temperature  range. 

2.3.  Cell  preparation  and  electrochemical  characterization 

The  electrochemical  cells  were  assembled  by  succes¬ 
sively  pressing  the  anode,  electrolyte  and  the  cathode 
compositions  in  the  same  palletizing  die  to  obtain  a 
pellet  of  13  mm  diameter  and  2  mm  thickness.  At  first, 
the  desired  negative  active  mass  (200  mg),  consisting  of  a 
blend  of  Zn  (Riedel-de  Haen)  and  AZS  in  a  given  mass 
ratio,  was  obtained  by  gentle  pressure.  A  weighed  amount 
(200  mg)  of  electrolyte  powder  was  poured  over  the  pre¬ 
compacted  anode  and  the  assembly  was  again  pressed 
mildly.  Subsequently,  a  known  amount  (200  mg)  of  the  posi¬ 
tive  active  mass,  consisting  of  manganese  dioxide  (chemical 
y  variety,  Sedema),  was  added  and  the  entire  assembly 
compacted  at  7  ton  cm-2.  Finally,  the  cell  was  assembled 
in  a  holder  and  placed  in  a  container  with  a  fixed  internal 
RH. 

Electrochemical  three-electrode  cells  were  prepared  to 
allow  the  separate  evaluation  of  both  anode  and  cathode 
polarizations  in  these  all-solid  state  cells  during  operation.  A 
comparison  electrode  was  produced  by  splitting  the  anode 
layer  into  two  equal  parts,  following  the  procedure  described 
elsewhere  [20].  During  discharge,  one  of  these  parts,  which 
is  crossed  by  the  current,  acts  as  a  working  electrode  (surface 
area  =  0.45  cm2)  while  the  other,  staying  at  its  equilibrium 
state,  plays  the  role  of  a  comparison  electrode.  Cell  voltage 
and  half-cell  potentials  were  continuously  recorded  for  the 
duration  of  the  test. 

After  fabrication,  the  cells  were  allowed  to  stabilize  for 
18  h  after  which  their  voltage  became  constant.  The  average 
cell  voltage  amounted  to  1.81  V.  Electrochemical  measure¬ 
ments  were  carried  out  using  a  Radiometer  PGP  201 -type 
galvanostat  and  recorded  through  a  BBC  Gorez  Metrawatt 
SE  120  recorder. 


3.  Results  and  discussion 

3.1.  X-ray  examination 

The  X-ray  diffraction  pattern  recorded  for  (NH4)2Zn- 
(S04)2-6H20  (Fig.  2)  is  very  similar  to  that  of  single-phase 
AZS  salt  given  in  the  JCPDS  files  (ASTM  35-0767).  It 
crystallizes  in  the  monoclinic  system  with  unit  cell  para¬ 
meters  (a  =  6.251  A,  b  =  12.517  A,  c  =  9.239  A  and 
ft  =  106.834°)  very  close  to  those  reported  by  Cotton 
et  al.  [21,22]  for  the  same  compound. 

3.2.  Thermal  analyses 

TGA  and  DTA  curves  obtained  for  the  (NH4)2Zn(S04)2- 
6H20  salt  are  shown  in  Fig.  3.  In  the  first  step  of  thermal 
Fig.  1.  Scanning  electron  micrograph  of  a  (NEtEZnCSChheiEO  crystal.  decomposition,  which  starts  at  60°C  and  extends  to  125°C, 
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the  tested  sample  loses  its  hydration  water.  The  weight 
loss  is  estimated  at  27.3%,  corresponding  precisely  to  six 
water  molecules  per  salt  unit.  Simultaneously,  the  DTA 
curve  shows  a  strong  endothermic  peak  around  120°C. 
Since  this  hydration  state  is  thermally  stable  below  60°C, 
the  compound  is  expected  to  exhibit  stable  and  reproducible 
behavior  in  cells  operating  near  ambient  temperature.  In 
the  260-440°C  temperature  range,  a  further  31.7%  weight 
loss  occurs  in  closely  consecutive  stages,  corresponding 
to  decomposition  of  (NH^ZnlSO^  into  zinc  sulfate. 


producing  NH3,  H2O  and  SO3  [23].  The  DTA  curve  shows 
three  endothermic  peaks  in  this  temperature  range.  Finally, 
between  650  and  1000°C,  a  further  weight  loss  of  20.8%  is 
observed  corresponding  to  the  decomposition  of  zinc  sul¬ 
fate,  producing  ZnO,  SCF  and  CF.  This  process  is  accom¬ 
panied  by  two  endothermic  DTA  peaks.  The  recorded  total 
weight  loss  for  the  three  steps  of  decomposition  is  79.8%, 
giving  the  solid  state  zinc  oxide  as  a  final  product.  These  data 
also  confirm  the  chemical  composition  of  the  Tutton  salt 
herein  synthesized. 


AT/pV 

0.0 


-2.0 
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-6.0 


T  emperature/°C 

Fig.  3.  TGA  and  DTA  curves  of  (NH4)2Zn(S04)2-6H20.  Atmosphere:  N2,  heating  rate:  5°C  min 
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Fig.  4.  Evolution  of  cell  voltage  (Cell),  anodic  polarization  (— )  and  cathodic 
polarization  (+)  at  1.00  mA  cm~2  and  RH  =  0.9  of  Zn/H-montmorillonite/ 
Mn02  three-electrode  type  cells  prepared  with  different  negative  active 
mass  compositions  (Zn:AZS  in  wt.%):  (a)  85:15;  (b)  50:50;  (c)  65:35. 

3.3.  Discharge  characteristics 

3.3.1.  Optimization  of  the  negative  active  mass 
composition 

The  discharge  characteristics,  at  an  anodic  current  density 
of  1 .00  mA  cm~2,  of  some  typical  three-electrode  type  cells 
with  identical  positive  electrodes,  but  negative  electrodes  of 
different  compositions  are  given  in  Fig.  4.  Note  that  unba¬ 
lance  in  anode  and  cathode  polarizations  partly  resulted 
from  the  unequal  electrodes  surface  areas.  The  composition 
of  the  negative  active  mass,  which  consisted  of  a  blend  of  Zn 
and  AZS,  was  optimized  by  varying  the  mass  ratio  in  the  10- 
90%  AZS  range,  everything  else  being  equal.  These  AZS- 
based  systems  display  proper  behavior  with  experimental 
specific  capacities  reaching  30  Ah  kg-1,  when  referred  to 
the  total  mass  of  the  cell.  The  experimentally  retrieved 
capacity  reached  maximum  values  for  anodes  containing 
about  35%  AZS,  as  shown  in  Fig.  5.  Mixtures  using  too  little 
of  either  AZS  or  Zn  gave  results,  about  three-fold  inferior, 
similar  to  those  reported  for  anodes  containing  only  the 
metal  element  [9,10].  Such  a  behavior  evinces  the  requisite 
role  of  the  ammonium  zinc  sulfate  double  salt  in  the 
electrode  kinetics.  The  maximum  capacity  was  actually 
observed  for  that  mixture  exhibiting  nearly  equal  grains 


Fig.  5.  Variation  of  discharge  capacity  with  composition  of  the  composite 
anode  mass  at  1.00  mA  cm~~  and  RH  =  0.9. 


Fig.  6.  Discharge  characteristics  of  complete  cells  performed  at  RH  =  0.9 
for  different  current  densities  (mA  cm-2):  (a)  0.1;  (b)  0.25;  (c)  0.5;  (d) 
0.75;  (e)  1.0. 

surface  areas  of  both  constituents;  these  can  merely  be 
estimated  from  their  respective  densities  (dzn  =  7.14  and 
<7azs  =  1.93)  [24]  and  average  grain  sizes  (cf> zn  =  5  pm  and 
(f> azs  =  10  pm).  Thus,  a  maximum  contact  area  and  accord¬ 
ingly,  a  minimum  voltage  loss  were  expected  for  such  a 
composite. 

Discharges  were  performed  on  two-electrode  type  cells 
using  the  optimum  anode  composition,  with  current  densi¬ 
ties  varying  from  0. 1  to  1 .0  mA  cm-2  down  to  1 .0  V  (Fig.  6). 
The  experimentally  obtained  characteristics,  summarized  in 
Table  1,  appear  much  more  interesting  than  those  reported  in 
the  literature  for  similar  all-solid  state  type  systems 
[9,10,16,25],  exhibiting  particularly  a  little  variation  over 
a  current  density  decade.  Further  improvement  of  such 
performances  may  even  be  achieved  by  optimizing  the 
masses  of  the  cell  constituents. 

Under  relative  humidities  of  0.75  and  medium  current 
densities  (up  to  0.5  mA  cm'2),  still  high  capacities 
(20  Ah  kg"1)  were  obtained.  But  for  lower  humidities,  a 
rapid  decrease  in  the  capacity  occurred.  Such  a  deterioration 
is  ascribable  to  dehydration  of  the  electrolyte  which  suffered 
from  poor  electrical  conductivity  [3,18].  The  composite 
anode  remained  stable,  since  the  sulfate  double  salt  shows 
a  fixed  hydration  stoichiometry  over  the  0. 1-0.9  RH  range. 

3.3.2.  Mechanism  of  the  anodic  reaction 

The  anode  potential  curves  disclosed  in  Fig.  4  are  typi¬ 
cally  wave  shaped,  suggesting  that  the  negative  active  mass 
acts  as  a  solid  solution  in  this  potential  range.  According  to 


Table  1 

Discharge  performances  of  complete  cells  at  different  current  densities, 
RH  =  0.9  and  for  a  cut-off  voltage  of  1.0  V 


i  (mA  cm  2) 

C(Ahkg-‘) 

W  (Wh  kg~‘) 

0.1 

33.2 

43.3 

0.25 

32.6 

41.0 

0.5 

32.1 

40.9 

0.75 

31.5 

42.1 

1.0 

30.9 

42.1 
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the  mechanism  of  anodic  reaction  proposed  for  this  type  of 
electrodes  [16],  the  sulfate  double  salt  would  be  able  to 
exchange  H+  with  the  solid  proton  conducting  electrolyte 
and  accommodate  Zn2+  cations  issued  from  oxidation  of 
zinc.  The  overall  reaction  can  be  regarded  as  an  insertion 
process  for  Zn2+  cations. 

xZn  +  ((NH4)2Zn(S04)2  •  6H20) 

->  ((NH4)2Zn1+x(S04)2(6  -  2x)H20  •  2x(OH)) 

+  2x  H+  +  2x  e~ 

This  statement  is  evinced  by  X-ray  examination  of  the 
composite  anode  at  different  states  of  discharge,  which 
showed  no  extra  peaks  due  to  formation  of  any  new  crystal¬ 
line  phase,  for  instance,  zinc  hydroxide,  except  those  of  the 
Zn  and  AZS  mixture.  Formation  of  solid  solution  upon 
insertion  seems  to  be  likely  since  there  appears  to  be  room 
in  the  AZS  crystalline  structure  [26]. 

In  order  to  point  out  the  role  of  the  structure  of  the  double 
salt  phase  in  inserting  Zn2+  cations,  cells  were  fabricated  by 
successively  substituting  for  AZS  in  the  composite  anode  an 
equivalent  quantity  of  each  of  the  starting  materials  (i.e. 
ZnS04-7H20  and  (NH4)2S04  nH20)  and  their  mixture,  all 
being  hydrated  and  presenting  close  morphology  character¬ 
istics  to  those  of  AZS.  The  relevant  discharge  curves  shown 
in  Fig.  7,  gave  capacities  not  exceeding  20%  of  that  obtained 
with  AZS.  This  point  gives  supporting  evidence  of  the  role 
of  the  double  salt  structure  in  accommodating  Zn2+  cations; 
the  other  tested  salts  manifest  less  ability  for  such  an 
insertion  process. 

During  the  anodic  process,  protons  must  also  be  supplied 
by  the  negative  electrode  bulk.  In  this  respect,  both  ammo¬ 
nium  cations  and  hydration  water  molecules  may  be 
expected  to  provide  them.  Identifying  the  actual  source  of 
protons  was  achieved  by  substituting  for  AZS  in  the  com¬ 
posite  anode  an  equivalent  quantity  of  potassium  zinc  sulfate 
K2Zn(S04)2-6H20.  Hydrated  potassium  zinc  sulfate  is  also  a 
Tutton  salt  which  was  prepared  in  the  same  experimental 
conditions  as  for  AZS.  The  discharge  characteristic  plotted 


Fig.  7.  Discharge  characteristics  of  complete  cells  at  0.1  mAcm~2  and 
RH  =  0.9.  fabricated  by  substituting  for  AZS  (a)  in  the  composite  anode, 
an  equivalent  quantity  of  (b)  ZnS04-7I  I2().  (c)  (NH4)2S04fiH20,  (d) 
mixture  of  ZnS04-7H20  and  (NH4)2S04«H20. 


Fig.  8.  Discharge  characteristics  of  complete  cells  at  0.1  mAcm  2  and 
RH  =  0.9,  fabricated  by  replacing  AZS  (a)  in  the  composite  anode  with 
K2Zn(S04)2-6H20  (b). 


in  this  case  (Fig.  8)  is  nearly  identical  to  that  obtained  using 
AZS,  indicating  that  protons  are  generated  during  oxidation 
exclusively  by  hydration  water  molecules  according  to  the 
aforementioned  overall  reaction;  the  ammonium  cations  do 
not  seemingly  take  part  in  it.  This  result  states  that  for  proper 
functioning,  such  an  anode  constituent  must  be  hydrated  and 
in  this  respect,  the  stable  hydration  state  of  ammonium  zinc 
sulfate  over  a  wide  range  of  RH  is  viewed  as  a  virtue.  The 
largest  capacity  observed  in  the  present  tests  (ca. 
30  Ah  kg~’)  involves  four  water  molecules  among  the  six 
structural  water  molecules  per  salt  unit. 

4.  Conclusion 

It  has  been  established  that  hydrated  ammonium  zinc 
sulfate,  associated  to  zinc,  produces  a  composite  anode 
for  all-solid  state  Zn/Mn02  cells  that  achieve  relatively  high 
specific  capacity  and  energy.  Such  a  double  salt  presents  the 
likely  ability  to  simultaneously  exchange  H  f  with  the  solid 
proton  conducting  electrolyte  and  accommodate  Zn2 1 
cations  resulting  from  oxidation,  at  a  durable  potential.  This 
statement  was  based  on  thermal  analysis  data  and  evinced  by 
X-ray  examination  of  the  composite  anode  at  different  states 
of  discharge.  It  can  be  inferred  from  the  present  results  that 
such  features  are  fairly  common  to  some  of  the  hydrated 
Tutton  salts.  The  obtained  data,  although  still  to  be  opti¬ 
mized,  is  promising.  These  systems  deserve  further  inves¬ 
tigation  by  both  optimizing  the  mass  of  the  cell  constituents, 
on  the  one  hand,  and  assembling  a  hydrated  double  salt- 
based  composite  anode  with  other  appropriate  electrolyte 
and  positive  electrode  materials,  on  the  other  hand. 
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